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The flow field surrounding an axisymmetric, confined, impinging jet was investigated with a focus on
the early development of the triple-layered wall jet structure. Experiments were conducted using stereo
particle image velocimetry at three different confinement gap heights (2, 4, and 8 jet diameters) across
Reynolds numbers ranging from 1000 to 9000. The rotating flow structures within the confinement
region and their interaction with the surrounding flow were dependent on the confinement gap height
and Reynolds number. The recirculation core shifted downstream as the Reynolds number increased.
For the smallest confinement gap height investigated, the strong recirculation caused a disruption
of the wall jet development. The radial position of the recirculation core observed at this small gap
height was found to coincide with the location where the maximum wall jet velocity had decayed
to 15% of the impinging jet exit velocity. After this point, the self-similarity hypothesis failed to
predict the evolution of the wall jet further downstream. A reduction in confinement gap height
increased the growth rates of the wall jet thickness but did not affect the decay rate of the wall jet
maximum velocity. For jet Reynolds numbers above 2500, the decay rate of the maximum velocity
in the developing region of the wall jet was approximately 1.1, which is close to previous results
reported for the fully developed region of radial wall jets. A much higher decay rate of 1.5 was
found for the wall jet formed by a laminar impinging jet at Re = 1000. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4975394]
I. INTRODUCTION
Impinging jets are ubiquitous in engineering applications.
Jets are used for cooling the leading edge of gas turbines,1
rapid processing of foods,2 quenching of metal parts,3 and
thermal management of electronic components.4 When used
for cooling, impinging jets can achieve high heat transfer rates
compared with other common single-phase cooling methods
such as forced convection parallel to a surface or natural con-
vection.5 Confined impinging jets, in particular, are of interest
for compact electronics packaging.6
The flow field resulting from jet impingement consists
of several regions with distinct flow features,7 as shown in
Fig. 1(a). A free jet region forms as fluid exits the orifice in
the confinement plate. The jet potential/inviscid core, where
the velocity is relatively uniform, is surrounded by a free
shear layer where the jet entrains the ambient fluid and slowly
expands.8 As the jet approaches the bottom plate, the flow
decelerates in the vertical direction and accelerates in the radial
direction near the stagnation point. This acceleration in the
radial direction forms a wall jet along the bottom wall of the
confinement gap.
Wall jets are characterized by a triple-layered structure,
as shown in Fig. 1(b). The first detailed study of a wall jet
offered theoretical boundary layer solutions for a jet spreading
over a planar surface.9 Wall jets have been shown to display
incomplete self-similarity, where the inner and outer regions
a)Author to whom correspondence should be addressed. Electronic mail:
pvlachos@purdue.edu
of the flow scale differently as described by the triple-layer
hypothesis for planar wall jets.10 Incomplete self-similarity
requires that the maximum velocity (um) and wall jet half-
width (Y1/2,i) be functions of the radial downstream location

















V j corresponds to the jet exit velocity. The exponent α is
referred to as the decay rate of um, and βi is the growth
rate of Y1/2,i, where i = T, W indicates the top layer or
wall layer, respectively. To better perform scaling analysis,
a nominal jet half-width (y1/2,i) is introduced and given by
a linear fit to experimental data plotted on a bi-logarithmic
scale.
In the case of a confined impinging jet, a recirculation
region also exists in which the flow is driven by both the
impinging jet and the wall jet.11,12 The flow rotates at a lower
velocity than the vertical jet and wall jet regions, forming stable
toroidal vortex structures as depicted in Fig. 1(a). This recir-
culation of fluid has been shown to enhance the heat exchange
process in the radial distances between x/d = 1.5 and 4.13
Although the flow field created by an impinging jet has
attracted numerous research efforts for both heat transfer and
fluid dynamics applications, the wall jet development in a
confined geometry has received little attention. The current
study undertakes a detailed experimental investigation of the
influence of confinement on the flow field and radial wall jet
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FIG. 1. Schematic drawings of (a) the axisymmetric flow
field formed by the confined impinging jet and (b) the
triple-layered wall jet structure.
development. Special attention is given to the effect of the
recirculation pattern on the early development of the wall jet,
and the notion of incomplete self-similarity is explored. To the
best of the authors’ knowledge, this is the first experimental
study of the effect of confinement on the self-similar structure
of a radial wall jet.
II. EXPERIMENTAL METHOD
A. Test section
A detailed description of the experimental facility was
provided by Rau and Garimella.14 Only salient details of the
facility and the stereo particle image velocimetry (SPIV) mea-
surement system are included here. A schematic drawing of
the test section is shown in Fig. 2. The working fluid was deion-
ized water, which was circulated through a closed flow loop by
a gear pump. The experiments were conducted at room tem-
perature. The test section chamber (width × length × height
= 132 mm × 132 mm × 100 mm) was large enough such that
the flow in the confined region remained unaffected by the
flow exiting the test section. The jet was issued from a round,
sharp-edged orifice 3.75 mm in diameter (d) and two diame-
ters in length. The orifice was located at the center of the upper
confinement plate. Precision-machined stainless steel spacer
pins defined the confinement gap height (H) between the upper
plate and the bottom wall, which may also be referred to as the
orifice-to-plate distance. A 25.4 mm-diameter (6.7d) circular
copper surface was flush-mounted on the bottom wall of the
confinement gap with its center aligned with the jet axis. This
experimental arrangement allowed for heat transfer experi-
ments in prior studies;15,16 however, no heat input was used
in the current study. Due to a tiny gap around the perimeter of
the copper surface (on the order of 100 µm), a small flow dis-
ruption was introduced in the wall layer of the wall jet at this
location. The analysis and interpretation of the results in the
wall layer region reflect this experimental artifact. The diame-
ter (D) of the upper confinement plate was 70 mm, resulting in
a confinement gap that extended 9.3 jet diameters downstream
from the jet axis.
Two high-speed cameras (Phantom Miro M340, Vision
Research) were installed with viewing angles of 35◦ and 10◦
relative to the light-sheet normal direction, as shown in Fig. 2.
Lens tilt adapters were used to satisfy the Scheimpflug condi-
tion for SPIV.17 The polycarbonate front and back walls of the
test section were transparent and allowed full optical access;
the side walls were made from opaque polyether-ether ketone
(PEEK). A 2 mm-thick laser sheet was introduced into the test
section through the back wall and reflected across the axisym-
metric plane of interest with a mirror mounted inside the test
section, as shown in Fig. 2. The axisymmetry of the flow field
was confirmed by a special test case with one camera looking
FIG. 2. A schematic drawing showing the (a) side view
and (b) top view of the test section and camera positions
for data recording and camera calibration.
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at the entire confinement gap at H/d = 4. The thickness of
the laser sheet was designed to capture the maximum out-of-
plane fluctuation velocity (w’) due to vortex shedding from
the jet orifice. Bias errors in the radial velocity measurements
resulting from of the light sheet thickness and axisymmetric
flow were found to be negligible for x/d > 1. Thus, wall jet
results are only presented in this range.
B. Data recording
The jet exit velocity (V j) and the time delay (∆t) between
laser pulses are listed in Table I. The liquid flow rate was
obtained by an in-line Coriolis flow meter (CMFS015M, Emer-
son) and used to calculate the averaged jet exit velocity (V j).
Five Reynolds numbers (Re = V jd/ν, where ν is the kine-
matic viscosity) ranging from 1000 to 9000 at confinement
heights of H/d = 2, 4, and 8 were investigated. The double
pulses from the laser (Nd:YLF Terra PIV 527-80-M, Contin-
uum, 527 nm) were synchronized with the cameras record-
ing single-image exposures at an image-pair frequency of
750 Hz by a precision multi-channel delay generator (TSI
Laserpulse Synchronizer 610036). One thousand image pairs
over 1.33 s were recorded for each test case, and the recording
time interval was long enough to obtain meaningful averaged
measurements.
Fluorescent polystyrene microspheres of 10 µm diameter
(Spherotech) were used as seeding particles. The seeding den-
sity was maintained at a minimum of 10 particles per 32 × 32
pixel window by periodic re-seeding. This ensured sufficient
mutual information between sequential images for meaningful
cross correlation with low measurement uncertainty.18,19
C. Camera calibration
Camera calibrations, mapping image coordinates to world
coordinates, were obtained by calibrating each camera against
a single-layer transparent glass target (FA131, Max Levy
Autograph). The calibration followed the 3D procedure out-
lined by Prasad.20 For calibration, the cameras and the target
were translated a distance (dz) from the axisymmetric plane
of interest so that the calibration target could move without
obstruction from the inner mirror, as shown in Fig. 2. Cali-
bration images recorded at planes from z’ = 1.5 mm to z’
= 1.5 mm in 0.5 mm increments were used to construct the
calibration mapping functions. Self-calibration was then per-
formed using particle images to correct the disparities between
two cameras.21 The final mapping functions were applied in
the three-component velocity reconstruction using the two-
dimensional, two-component vector field from each camera
based on the generalized reconstruction procedure.22
TABLE I. Test matrix with jet velocity and time delay between laser pulses.
Re H/d V j (m/s) ∆t (µs)
1000 2, 4, 8 0.24 1000
2500 2, 4, 8 0.60 460
5000 2, 4, 8 1.21 350
7500 2, 4, 8 1.79 220
9000 2, 4, 8 2.08 180
D. Data processing
Prior to PIV evaluations, the images were pre-processed to
eliminate background noise. A local minimum subtraction was
applied at each pixel across the entire time series for each test
case. An in-house PIV code, Prana (https://github.com/aether-
lab/prana) implemented in MATLAB (Mathworks) was used
to perform the PIV evaluation and stereo reconstruction. Cross
correlation between frames was performed using the robust
phase correlation (RPC). RPC substantially reduces bias errors
and peak-locking effects in the presence of high shear and
rotational motion in comparison with standard cross correla-
tion algorithms.23–25 In addition, the time-averaged velocity
field was obtained with an ensemble correlation scheme,26
which averages the 1000 correlation planes from 1000 image
pairs. It has been shown that ensemble correlation is able
to deliver more accurate time-averaged results compared to
simply averaging the instantaneous measurements.27
For the overall flow field velocity evaluation, a 64 × 64
(x × y) pixel square-windowed interrogation region was used
for the first pass and reduced to a 32 × 32 pixel window for the
subsequent passes. A 75% window overlap delivered a final
spatial vector resolution of 200 µm in the x and y directions. A
different set of PIV evaluation parameters was used to resolve
the thin wall jet. After the initial pass with a 64 × 64 pixel
window, a window size of 64 × 4 pixels was used for a spatial
resolution of 25 µm in the y direction. A 75% window overlap
was used to better resolve the velocity gradient in the shear
region,28 and the narrow window size was enabled by using
the ensemble correlation to increase the correlation strength,
similar to the approach used by Westerweel et al.29
For all PIV evaluations, a continuous window offset with
iterative window deformation30 was applied to compensate for
in-plane velocity gradients. Each image in the entire image set
was deformed according to the ensemble averaged velocity
field after each pass, which was iteratively determined using
a convergence criterion of 1% of the RMS difference between
successive iterations. The first and intermediate passes were
followed by vector validation, using universal outlier detection
(UOD)31 to remove and replace spurious vectors, and a Gaus-
sian smoothing filter (3 × 3 kernel with a standard deviation
of 2). No smoothing was applied after the final pass.
III. RESULTS
A. Overall flow pattern and recirculation structure
Representative streamtraces from the ensemble-averaged
flow field (x and y resolution 200 µm × 200 µm) overlaid on
contours of normalized velocity magnitude (|V |) are shown
in Fig. 3. The typical values for the averaged and RMS of w
component are less than 1% and 10% of the jet exit velocity
for the averaged flow field, and therefore negligible for most
of the analysis in this section. In-plane velocity vectors are
plotted in the regions of the impinging jet and the wall jet.
The streamtraces indicate the presence of a toroidal recircu-
lating structure. At confinement gap heights of H/d = 2 (at
Re = 1000 and 9000) and H/d = 4 (at Re = 1000), a counter-
clockwise recirculation is observed in agreement with the laser
Doppler velocimetry (LDV) results reported by Fitzgerald and
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FIG. 3. Streamtraces overlaid on contours of veloc-
ity magnitude for Re = 1000 in the left column and
Re = 9000 in the right column, at confinement heights
H/d of (a) 2, (b) 4, and, (c) 8. U velocity component is
plotted within the wall jet regions in the range indicated
by the solid-line windows for Re = 1000 and Re = 9000
at H/d = 8 in (d). The dashed windows show the spatial
locations plotted in Fig. 4.
Garimella.12 This toroidal vortex causes liquid to recirculate
from the wall jet back towards the vertical impinging jet. In
contrast, the vortex that is shown for H/d = 8 at Re = 9000
in Fig. 3 rotates in a clockwise direction and is located away
from the bottom wall near the top edge of the confinement gap.
Representative wall jet velocity profiles are plotted in Fig. 3(d)
for Re = 1000 and 9000 at H/d = 8. The vectors are skipped
in both the x and y directions, and only 1 out from 3 is shown
for better presentation.
Fitzgerald and Garimella12 found that the counter-
clockwise recirculation present in their confined flow moved
radially outwards in the confinement gap with increas-
ing Reynolds number and with increasing gap heights for
H/d = 3 and H/d = 4. Similar structures have also been found
in numerical simulations without sidewalls.32,33 The results
presented in Fig. 3 show a similar trend. At H/d = 2, the cen-
ter of the vortex is located at approximately x/d = 4.75 at
Re = 1000 and moves to approximately x/d = 6.25 at
Re = 9000. For increasing confinement gap height at Re = 1000,
the vortex moves from x/d = 4.75 at H/d = 2 to x/d = 5.75 at H/d
= 4. A further shift downstream in vortex position with increas-
ing gap height would cause the recirculation to be located
outside of the measurement domain at H/d = 8, which explains
the absence of a counter-clockwise vortex in the results shown
at H/d = 8. Similar behavior is likely present with increas-
ing gap height at Re = 9000, as the counter-clockwise vortex
located at x/d = 6.25 at H/d = 2 would move out of the mea-
surement domain at H/d = 4 and H/d = 8 at this Reynolds
number. The streamtraces shown for H/d = 8 at Re = 9000 are
distinct due to the presence of a clockwise vortex. As will be
discussed later in this work, no evidence is found regarding the
effect of this clockwise vortex on the development of the wall
jet.
Time-averaged vortex structures are identified using the
criterion proposed by Zhou et al.34 where the imaginary part of
the complex eigenvalue of the velocity gradient tensor (λci) is
calculated and referred to as the local swirling strength of the
vortex. The centroids of the vortices are calculated and referred
to as recirculation cores. Contours of the swirling strength are
plotted in Fig. 4 for the x and y ranges shown with the dashed
windows in Fig. 3. Note that the vertical range of the plot for
the H/d = 8 case is different from the H/d = 2 case; although
the same scaling is maintained in all plots. As shown in Figs.
4(a)–4(c) for H/d = 2, the outward movement of the recir-
culation structure is accompanied by a decrease in the mag-
nitude of the swirling strength. Fig. 4(d) shows the vortex
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FIG. 4. The recirculation pattern and contours of the swirling strength plotted for the regions shown with the dashed rectangles in Fig. 3.
that occurs at H/d = 8, which rotates weakly in the clockwise
direction.
To quantify the conditions at the start of the wall jet forma-
tion, characteristics of the vertical jet before impingement are
explored. The jet core length, jet expansion angle, and mass
entrainment coefficient were obtained using the ensemble-
averaged flow field, while the turbulent kinetic energy was
calculated from the instantaneous flow field. Fig. 5 shows the
jet core length (lc), defined as the distance from the jet orifice
to the point where the centerline velocity has decayed to 95%
of V j,35 and the jet expansion angle (θ) between the jet cen-
terline direction and the jet boundary. The jet boundary was
defined as the radial location where the vertical velocity has
decreased to 5% of the centerline velocity (vc).
Fig. 6(a) shows lc non-dimensionalized by the jet orifice
diameter for all test cases; the total confinement gap height
for each case is shown with the color-coded dashed lines. The
distance between the symbols and corresponding lines for each
case is indicative of the distance between the impingement
surface and the end of the jet core. For the least confined case
of H/d = 8, at Re = 1000 the jet core extends to almost 85%
of the gap height before the jet impinges on the bottom plate,
while at Reynolds numbers above 5000, the jet core length
reduces to about four jet diameters (50% of the gap height).
As the upper confinement plate moves closer to the bottom
plate, the distance between the end of the jet core and the
bottom plate gets smaller. This distance is at a minimum (about
FIG. 5. Example results showing the determination of (a) the jet core length
(lc) and (b) jet expansion angle (θ) for the impinging jet at Re = 2500 and H/d
= 8.
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FIG. 6. The (a) jet core length non-dimensionalized by the jet orifice diameter, (b) jet expansion angle (θ), and (c) averaged mass entrainment coefficient (Ce) of
the vertical jet as functions of the Reynolds number. Dashed lines in (a) indicate the positions of the bottom wall at each corresponding H/d spacing. (d) shows
a schematic diagram of the coefficient calculation.
one jet diameter) for the most confined case at H/d = 2. This
H/d = 2 gap height also displays little variation in jet core
length with increasing Reynolds number. The constant jet core
length for H/d = 2 implies that the highly confined geometry
has a larger influence on the vertical jet development, which
has the potential to further influence the wall jet development
downstream. Interestingly, the jet core is shortest at Re = 2500,
which may indicate that a transition occurs around Re = 2500.
B. Impinging jet characteristics upstream
of the wall jet formation
Observations of the expansion angle from Fig. 6(b) also
show evidence of a transition occurring around Re = 2500.
The expansion angles for the jets at H/d = 4 and H/d = 8
at Re = 1000 (∼4◦-5◦) are close to results from the literature
(∼2◦-3◦) for fully developed laminar jets.36 As the Reynolds
number increases beyond 5000, the expansion angle stabi-
lizes at approximately 10◦, which is closer to the 12◦ pre-
diction of the Tollmien solution based on Prandtl’s hypoth-
esis.37 The high values shown at Re = 2500 for all con-
finement gap heights could be attributed to the fact that the
vertical jet is undergoing a laminar-to-turbulent transition
at or near this Reynolds number. The expansion angles at
H/d = 2 are consistently about 50% greater than the val-
ues of the less confined cases for all the Reynolds num-
bers investigated, indicating that the increased confinement
is augmenting entrainment and thus causing the vertical jet
to expand at a much greater angle before the impingement
region.
The entrainment efficiency of the vertical jet was quan-
tified with the averaged mass entrainment coefficient (Ce),
similar to the approach proposed by Han and Mungal.38 As
illustrated in the diagram in Fig. 6(d), the mass flow rate within





ρv (x, y)2pixdx, where R(y) is the jet cone radius at height
y. The dimensionless entrainment coefficient, Ce(y) = dm˙0
dm˙
dy ,
was then calculated using a vertical range that is downstream
of the orifice exit but also upstream of the impingement region
(from y = 0.2H to 0.9H, coinciding with the region used to
determine the jet expansion angle). The mean entrainment
coefficients within this height range at all the H/d values and
Reynolds numbers are plotted in Fig. 6(c). The higher entrain-
ment coefficients at H/d = 2 for all the Reynolds numbers
investigated are likely caused by the relatively stable jet core
length and larger expansion angle at this gap height. The small
gap height of H/d = 2 thus represents a more efficient geometry
for entraining the surrounding liquid compared to the larger
gap heights.
The plateauing of the three quantities shown in Fig.
6 at Reynolds numbers above 5000 implies a fully devel-
oped regime after a transition has occurred. To further inves-
tigate the turbulence characteristics of the impinging jets
around this transition, the turbulent kinetic energy (TKE) is
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FIG. 7. Dimensionless turbulence kinetic energy (TKE) contours for
Re = 1000, 2500, and 5000 at H/d = 2, 4, and 8. The contour line corresponding
to TKE/V2j = 10% is highlighted by bold lines.
calculated. TKE represents the mean kinetic energy per unit
mass in the fluctuating velocity field and is calculated using
u’, v’, and w’ and non-dimensionalized by the square of the
jet velocity (V j2) at Re = 1000, 2500, and 5000 for the three
confinement heights. The contours of TKE are plotted in
Fig. 7. For Re = 1000, TKE is only significant in the thin
shear layer surrounding the vertical jet and the wall layer after
impingement. At this low Reynolds number, TKE along the
centerline of the jet remains low (with values less than 0.1),
with the only exception of slightly higher turbulence values at
the jet centerline for H/d = 8 near the impingement surface at
y/d ≈ 2.2. This low turbulence intensity at the center of the jet
suggests that the extended jet core at this Reynolds number is
the result of an extended laminar potential region, which would
preserve vertical jet momentum before impingement. In con-
trast, centerline turbulence is much higher for the Re = 2500
and 5000 cases, suggesting reduced impingement momentum.
As shown in Fig. 6(a), except for the almost constant jet core
lengths at H/d = 2, the reduced jet core lengths at high Re com-
pared with Re = 1000 for H/d = 4 and 8 may also be attributed
to the increased TKE level. Thus, the initial conditions for
the developing wall jet at the higher Reynolds numbers have
higher levels of turbulence and reduced momentum compared
to the Re = 1000 case. Circular free jets below Re = 1000 are
usually considered laminar, while jets with Reynolds numbers
above 3000 are commonly considered as turbulent.39,40 A sim-
ilar laminar-to-turbulent transition might explain the high TKE
and non-monotonic behavior observed in jet core length and
jet expansion angle at Re = 2500.
C. Decay rate of the wall jet maximum velocity (um)
To investigate the decay of the radial momentum in the
wall jet region, the maximum of the radial-velocity component
(um), as defined in Fig. 1(b), is plotted at each x/d location for
Re = 1000–9000 with a bi-logarithmic scale in Fig. 8 for the
confinement gap heights of H/d = 2, 4, and 8. For H/d = 8
(Fig. 8(c)), the linear decay of um begins at x/d = 2.7 and
continues beyond x/d = 8, out of the measurement domain.
A similar region of linear decay spans from x/d = 2.1 past
x/d = 8 for H/d = 4 (Fig. 8(b)). In contrast, the region of linear
decay of um for H/d = 2 (Fig. 8(a)) ends prior to x/d = 8. The
end of this linear region moves further downstream from the
jet centerline as Reynolds number increases, e.g., ending at
FIG. 8. Decay of um for the confinement heights of (a) H/d = 2, (b) H/d = 4, and (c) H/d = 8 in the range from x/d = 1 to x/d = 8. The shaded areas indicate the
linear decay range. The dashed lines in (a) indicating u∗
crit and l
∗
crit,α for Re = 2500 are shown as an example.
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FIG. 9. Decay rate of um as a function of both Reynolds number and con-
finement height (H/d). The shaded area indicates the range of values from the
literature listed in Table II.
x/d = 4.5 for Re = 2500 versus x/d = 6 for Re = 9000, indicat-
ing a dependence on the jet momentum. For the most confined
cases (H/d = 2), a critical distance for the decay rate (l∗
crit ,α)
is defined as the dimensionless length from the jet centerline
to the cessation location of the linear decay region of um. The
critical velocity (u∗
crit) is defined as the corresponding um for
each Reynolds number at l∗
crit,α, normalized by the jet veloc-
ity (V j). Interestingly, while l∗crit,α changes with jet Reynolds
number, u∗
crit for all Reynolds numbers is the same and equals
to um/V j = 0.15.
A velocity decay rate is calculated by fitting an equation
of the form of Equation (1) to the linear regions shown in
Fig. 8. The resulting decay rate (α) for each case is plotted in
Fig. 9. Representative results from the literature41–45 for radial
wall jets are tabulated in Table II; for comparison, the range of
values observed in these studies is denoted by the shaded area
in Fig. 9. The values for α at Re = 1000 significantly differ
from the literature, indicating a faster decay of wall jet velocity
at this low Reynolds number. The decay rates for the higher
Reynolds numbers (Re = 2500, 5000, 7500, and 9000) are close
to previous studies over a wide parameter range, including
jets with and without confinement, nozzle-to-plate distances
ranging from 0.5 to 25, and Reynolds numbers ranging from
2500 to 288 000.
D. Growth rate of the wall jet thickness Y 1/2,i
Y1/2 for the top and wall layers for different confinement
heights are plotted against x/d locations using a bi-logarithmic
scale at Re = 1000 in Fig. 10. A spline interpolation of the
velocity profile is used to find the y/d position where u/um
= 1/2 occurs at each x/d location, i.e., the values of Y1/2,T and
Y1/2,W . The wall jet scaling analysis is performed where the
wall jet growth is linear, which is determined as the range of
data where the growth of the top layer, growth of the wall
layer, and decay of um (as shown in Fig. 8) are all linear. The
resulting ranges used for linear fitting and scaling analysis are
identified with the solid lines overlaid on the plotted data in
Fig. 10. The x/d range where the linear growth occurs moves
further downstream as the confinement height increases. For
the most confined case (H/d = 2), a critical distance for the
growth rate (l∗
crit ,β ) is defined as the dimensionless length from
the jet centerline to the cessation location of the linear growth
region of Y1/2 and is found to correlate with l∗crit ,α.
The growth rates (β) of Y1/2 for top and wall layers result-
ing from the fit of Equation (2) to the data shown in Fig. 10 are
listed in Table III. As the confinement height is reduced, the
growth rate of the wall jet increases from βT = 0.889 at H/d
= 8 to βT = 1.340 at H/d = 4 and slightly drops to βT = 1.275
at H/d = 2. The growth rate of the wall layer also increases
from βW = 0.868 at H/d = 8 to βW = 1.347 at H/d = 4 and
continues to increase to βW = 1.746 at H/d = 2. The results
show that the growth of the wall jet thickness accelerates as
the confinement height is reduced for the current cases.
Values for βi from the literature10,41–44,46 are also tabu-
lated in Table III and plotted together in Fig. 11 for comparison.
Due to heater edge disturbance, the analysis for Y1/2,W in
the wall layer at Re above 1000 was prevented. The current
results show that for Re = 1000 at H/d = 4 and 8, there is
little difference between βi for the top layer and wall layer.
This contradicts the incomplete self-similarity proposed by
Barenblatt et al.10 which postulates that the top layer and wall
layer have different growth rates and thus do not achieve self-
similarity. However, a large difference is observed for βi in
the top and wall layers at H/d = 2, indicating that incom-
plete self-similarity occurs at this confinement height. Results
at additional confinement gap heights and Reynolds numbers
are needed to verify whether the self-similarity shown at H/d =
4 and H/d = 8 is universally maintained at higher confinement
gap heights and longer x/d ranges.
The color circles in Fig. 11 represent the representative
literature results for the growth rates of both planar and radial
un-confined wall jets. For the previous studies, all the circles lie
within the shaded area and have lower values of β. On the con-
trary, the black symbols correspond to the results for the current
study which show higher values of β for the overlapped Re
range from 5000 to 10 000, indicating that the presence of the
upper confinement plate accelerates the wall jet growth rates.
TABLE II. Decay rate of um for radial wall jets from the literature.
H/d x/d range Re α Confinement
Bakke (1957) 0.5282 5–10 3 500 −1.12 No
Poreh et al. (1967) 6.6, 9.85, 19.7 10–60 107 000∼288 000 −1.1 No
Tanaka and Tanaka (1977) N/A 2–100 7 500∼55 000 −1.09 No
Knowles and Myszko (1998) 2,4,8,10 1–10 90 000 −1.168 No
Loureiro and Freire (2012) 2 1–5 47 000 −0.989 Yes
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FIG. 10. Y1/2 ,T and Y1/2 ,W for (a) H/d = 2, (b) H/d = 4, and (c) H/d = 8 at Re = 1000. The solid lines indicate the linear growth range that is used for scaling
analysis. The dashed line in (a) shows an example of the critical distances of the linear growth of wall jet half-widths for all H/d = 2 cases.
E. Self-similarity of the wall jet velocity profile
at Re = 1000
To further investigate the self-similarity, normalized
velocity profiles are plotted in Fig. 12. The velocity magnitude
is normalized by um at each x/d location and the vertical dis-
tance from the bottom wall is non-dimensionalized by the
nominal y1/2,i, obtained using the fitted coefficients βi for both
the top layer and the wall layer in Equation (2). The rescaled
velocity profiles, shown in Fig. 12, are plotted in the range
TABLE III. Growth rate for both top and wall layers for Re = 1000 and other cases from the literature.
Type x/d range Surface Re βT βW
H/d = 2 Radial 2.0–4.0 Smooth 1 000 1.275 1.746
H/d = 4 Radial 3.0–5.5 Smooth 1 000 1.340 1.347
H/d = 8 Radial 4.1–6.7 Smooth 1 000 0.889 0.868
Bakke (1957) Radial 5–10 Smooth 3 500 0.94 N/A
Poreh et al. (1967) Radial 10–60 Smooth 107 000–288 000 0.9 N/A
Tanaka and Tanaka (1977) Radial 2–100 Smooth 7 500–55 000 0.97 N/A
Knowles and Myszko (1998) Radial 1–10 Smooth 90 000 1 N/A
Barenblatt et al. (2005) Planar 40–150 Smooth 9 600 0.93 0.68
Tang et al. (2015) Planar 30–80 Smooth 7 500 0.780 0.504
Tang et al. (2015) Planar 30–80 Rough 7 500 0.817 0.403
FIG. 11. Growth rate for both top and wall layers from the current study and the literature. Solid symbols show the results for the wall layer while the open
symbols correspond to the top layer. The solid lines indicate a single value reported for the spanned Re range.
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FIG. 12. Velocity profiles for Re = 1000 for (a) H/d = 2,
(b) H/d = 4, and (c) H/d = 8. Data in the top row are plotted
with vertical distance y non-dimensionalized by y1/2,T ,
while data in the bottom row are plotted with vertical
distance y non-dimensionalized by y1/2,W . Velocities are
normalized by the um.
where the linear growth of the wall jet holds, as discussed in
Section III D.
As shown in Figs. 12(b) and 12(c), no major difference
is observed between the upper and lower panels for H/d
= 4 and H/d = 8 where the velocity profiles are scaled with
the top layer coefficients and wall layer coefficients, respec-
tively. This result is expected given the small differences in βT
and βW at these confinement gap heights. The velocity pro-
files for these cases show self-similarity that coincides with
the linear growth range of Y1/2,i, which contradicts the incom-
plete self-similarity proposed by Barenblatt et al.10 In contrast,
the velocity profiles for H/d = 2 shown in Fig. 12(a) display
incomplete self-similarity. Only the top of the velocity profile
collapses when non-dimensionalized with βT , while only the
wall layer of the profile collapses when non-dimensionalized
with βW .
IV. DISCUSSION
Much of the information in the literature on wall jets has
been obtained through the study of planar wall jets.47 The
evolution of the length scales of planar and radial wall jets
(i.e., the growth rate of the Y1/2,i) has been shown to be very
similar.48 Typical growth rates for both planar and radial wall
jets are βT ≈ 0.8–1.10,41–44,46 However, the evolution of the
velocity scales (i.e., the decay rate of um) is dependent on the
wall jet geometry; the radial wall jet decelerates faster due to
spreading in the azimuthal direction. Typical decay rates for
planar wall jets range from α ≈ 0.6 to 0.5,10,46 which is
much lower than the typical values for radial wall jets of α
≈ 1.1.41,42 Thus, the decay rate of the maximum velocity in
this study was only compared to results from radial wall jets in
the literature, while results from both planar and radial studies
were used for the comparison of growth rate in Section III D.
To the authors’ knowledge, the triple-layered structure of radial
wall jets has not been investigated and the comparison was
limited to planar wall jet studies.
The growth rate of the wall jet is found to be much higher
at H/d = 2 than at the larger confinement gap heights. At
H/d = 8, the βT and βW values are 0.889 and 0.868, which
are close to the values reported in the literature for uncon-
fined wall jets. As the upper confinement plates move closer
to the bottom wall, the values of βT and βW increase to
1.340 and 1.347 at H/d = 4, and 1.275 and 1.746 at H/d =
2. This trend indicates that smaller confinement gap heights
increase the growth of the boundary layer on the bottom
plate.
Confinement is not shown to have a large effect on the
decay rate of um in the current study. For Reynolds numbers
above 2500, the decay rate has a universal value α ≈ 1.1,
regardless of confinement gap height and whether the velocity
profile has reached self-similarity or not. Given these results,
it is apparent that confinement does not have a strong influ-
ence on the decay rate of um, but it does alter self-similarity
and the range where the linear growth occurs, as shown in
Fig. 10.
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FIG. 13. The radial positions of the recirculation cores plotted with the critical
distance in the linear decay of um and critical distance in the linear growth of
Y1/2,i for H/d = 2 as a function of Reynolds number.
The hypothesis for the fast decay of um at Re = 1000
is due to the unique shape of the velocity profile, as shown
in Fig. 3(d). For Re above 5000 cases, the velocity profile
is skewed towards the wall due to the lower position of um
than Re = 1000 cases. For Re = 1000, the profile is symmet-
ric with respect to um, which is located farther away from
the wall. Thus, the radial momentum associated with the
u component is easier to transfer to the surrounding liquid
above the wall jet region, resulting in much faster decay of
um. For Re above 5000, the momentum is more concentrated
in a thin layer very next to the bottom wall, thus preserved
better.
The critical distances for the decay rate (l∗
crit,α in Fig. 8(a))
and growth rate (l∗
crit,β in Fig. 10(a)) indicate where the end of
the linear decay of um and linear growth of Y1/2,i, respectively,
occur at H/d = 2. These critical distances as a function of
Reynolds number are plotted in Fig. 13. The radial positions
of the recirculation cores plotted with the critical distance in the
linear decay of um and critical distance in the linear growth of
Y1/2,i for H/d = 2 as a function of Reynolds number together
with the recirculation core positions obtained from the cen-
troids of the vortices, as shown in Fig. 4. For a given Reynolds
number, the radial position of the recirculation core and the
critical distances for growth rate and decay rate lie within
one jet diameter of each other. This suggests that the early
termination of the linear decay and growth region is caused
by the recirculation of liquid within the gap at H/d = 2.
Boundary layer separation is caused by the axisymmetric vor-
tex ring, which interrupts the development of the wall jet. The
wall jet velocity decays exponentially until a critical value
of maximum radial velocity (u∗
crit) is reached, after which the
radial momentum is weak enough to be overcome by the recir-
culation. The critical velocity is found to be u∗
crit /V j = 0.15 for
all H/d = 2 cases studied.
One important physical feature of the current experimen-
tal setup is that the orifice-to-plate distance is equal to the con-
finement height. This geometry imposes a no-slip condition on
the entrained fluid nearest the orifice exit, which can affect the
impinging jet stability and mixing characteristics with ambi-
ent liquid.49 Future studies may benefit from the use of a
protruding nozzle with a fixed orifice-to-plate distance to
further clarify the influence of confinement on the wall jet
in confined jet impingement.
V. CONCLUSIONS
An experimental study using stereo particle image
velocimetry to study the development of a confined radial
wall jet is presented. The wall jet is formed downstream of
a confined impinging jet, and the effect of the upper confine-
ment plate on the wall jet development is studied. Results
at three confinement gap heights (H/d = 2, 4, and 8) and
five Reynolds numbers (Re = 1000, 2500, 5000, 7500, and
9000) are presented. Confinement is found to alter the over-
all flow pattern in the confinement gap, which influences
the wall jet development. Our finding of the loss of linear
behavior only applies to wall jets formed by confined jet
impingement.
Higher levels of turbulence in the vertical jet indicate that
a transition occurs near Re = 2500. At Reynolds numbers
above this transition, the decay rate of the maximum veloc-
ity in the developing region of the wall jet is found to have a
universal constant close to 1.1. This value is similar to the
decay rate reported by other researchers for the fully devel-
oped region in radial wall jets. Confinement is found to not
affect the velocity decay rate. At a Reynolds number of 1000,
the decay rate of maximum velocity is larger in magnitude
than at the higher Reynolds numbers. The observed decay rate
of 1.5 at this low Re demands further investigation but may
be attributed to the different characteristics of the impinging
vertical jet at this Reynolds number, including the jet core
length, the jet expansion angle, and the mass entrainment
coefficient.
No major difference has been found regarding the rate
of growth for the top and wall layers of the wall jet at
Re = 1000 for the H/d = 4 and 8 confinement heights,
which disagrees with the incomplete self-similarity proposed
by Barenblatt et al.10 At a confinement gap height of H/d
= 2, incomplete self-similarity is observed as the velocity
profiles collapse with different top and wall layer scaling
constants.
The counter-clockwise vortex structure observed at
H/d = 2 is found to interrupt the wall jet development at the
smallest confinement gap height. The location of the recircu-
lation coincides with the end of the linear wall jet develop-
ment region. This result illustrates that the recirculation has a
large influence on the wall jet development, as the boundary
layer separation caused by this recirculation disrupts further
development downstream.
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